Energy gap and band alignment for "HfO 2 … x "Al 2 O 3 … 1Àx on "100… Si High-k gate dielectrics as alternates to SiO 2 have received tremendous attention due to the aggressive downscaling of complementary metal-oxide-semiconductor field effect transistor dimensions, which in turn results in increasing levels of tunneling current.
1 HfO 2 has emerged as one of the most promising high-k candidates due to its high dielectric constant, large energy gap, and compatibility with conventional complementary metal-oxide-semiconductor ͑CMOS͒ process. [2] [3] [4] However, it may suffer recrystallization at high temperature during postdeposition annealing, which in turn may induce higher leakage current and severe boron penetration issues. On the other hand, Al 2 O 3 films grown directly on Si was reported to remain amorphous up to 1000°C. 5 Recently Al has been proposed to alloy HfO 2 to raise the dielectric crystallization temperature, and encouraging results were demonstrated. 6 It was reported that when Al concentration is increased to 31.7%, the corresponding crystallization temperature increases to between 850 and 900°C, which is about 400°C higher than that for HfO 2 . In this work, the energy gap (E g ) of (HfO 2 ) x (Al 2 O 3 ) 1Ϫx , the valence band offset (⌬E ) and the conduction band offset (⌬E c ) between (HfO 2 ) x (Al 2 O 3 ) 1Ϫx and the Si substrate as functions of x are obtained based on x-ray photoelectron spectroscopy ͑XPS͒ measurement. This information is of vital importance in assessing (HfO 2 ) x (Al 2 O 3 ) 1Ϫx as a most promising high-k gate dielectric in future CMOS device technology.
The principles of using high-resolution XPS to obtain both E g and ⌬E for the dielectrics including SiO 2 and various high-k materials can be found in Refs. 7-9. The conduction band offset (⌬E c ) can also be derived using the Si energy gap value of 1.12 eV. 10 A total of five (HfO 2 ) x (Al 2 O 3 ) 1Ϫx samples of various x values prepared by atomic layer deposition ͑ALD͒, with lowdoped p-type Si ͑100͒ wafers as substrates ( Pϳ10 15 cm Ϫ3 ) were studied in this work. A thin layer of oxide around 10 Å was thermally grown on each Si wafer after the pregate clean using HF last. The wafers were sent to GENUS for ALD and a pre-HF vapor clean to remove the oxide was conducted prior to the deposition of the dielectric films. The deposition temperature for the ALD process is 300°C. The thicknesses of the (HfO 2 ) x (Al 2 O 3 ) 1Ϫx films are around 20 nm obtained by a spectroscopic ellipsometer ͑Woollam Model M-2000͒. The ex situ XPS measurements were carried out using a VG ESCALAB 220i-XL system, 11 equipped with a monochromatized Al K␣ source (hϭ1486.6 eV) for the excitation of photoelectrons. All of the high-resolution scans were taken at a photoelectron take-off angle of 90°and a pass energy of 20 eV. Under such configurations, the full width at half maximum of Si 2p 5/2 core level recorded from H-terminated Si surface was measured as ϳ0.45 eV, which gives an indication of the instrument energy resolution. Al 2p, Hf 4 f , C 1s, O 1s, valence band maximum, and O 1s energy loss spectra were measured and analyzed. The intensities for all the XPS spectra reported here have been normalized for comparison and all of the spectra are calibrated against C 1s peak ͑285.0 eV͒ of adventitious carbon. 13 and thus the charge transfer contribution changes with the increase of Al concentration. 12, 13 For the O 1s core level spectra ͑the solid lines͒, a curvefitting method ͑Gaussian fitting; the dashed lines͒ is applied to analyze the variation in O 1s spectra shape. For the samples HAO-2, HAO-3, and HAO-4, three peaks can be clearly resolved. The peak located at ϳ530.5 eV is attributed to Hf-O bonds, and another peak at ϳ531.2 eV to Al-O bonds. From the curve-fitting results as well as the O 1s spectra collected from HfO 2 ͑HAO-1͒ and from Al 2 O 3 ͑HAO-5͒, it is obvious that Al-O components increase with increasing Al in (HfO 2 ) x (Al 2 O 3 ) 1Ϫx . The shoulder at ϳ532.3 eV is generally interpreted as due to residual surface contaminants ͑i.e., C-O bonds͒ 14 and it is observed that this shoulder decreases with the decrease of Hf component in (HfO 2 ) x (Al 2 O 3 ) 1Ϫx . However, Hf 4s photoelectron line is also located around this energy. 15 Therefore, it is suggested that both of the earlier-indicated sources contribute to the peak at ϳ532.3 eV.
Let us turn to focus on the major topic: energy band alignment for the (HfO 2 ) x (Al 2 O 3 ) 1Ϫx . Figure 2͑a͒ shows the O 1s energy-loss spectra, which are caused by the outgoing photoelectrons suffering inelastic losses to collective oscillations ͑plasmon͒ and single particle excitations ͑band to band transitions͒. 16 As is well known, the energy gap values for the dielectric materials can be determined by the onsets of energy loss from the energy-loss spectra. 8, 16 By this mean, the energy gap value for HfO 2 ͑sample HAO-1͒ is measured as 5.25Ϯ0.10 eV, and for Al 2 O 3 ͑sample HAO-5͒ it is measured as 6.52Ϯ0.10 eV. The energy gap value of Al 2 O 3 is consistent with those reported by Itokawa et al. 8 Fig. 2͑b͒ . 17 The VBMax of each sample is determined by extrapolating the leading edge of valence band spectrum to the base line ͓the cross points in Fig. 2͑b͔͒ from its specific spectrum. 16 Thus, ⌬E values of 3.03Ϯ0.05 eV and 2.22 Ϯ0.05 eV are obtained for Al 2 O 3 and HfO 2 , respectively. The ⌬E value of Al 2 O 3 is consistent with the value 2.9 Ϯ0.2 eV reported by Bender et al. 9 A gradual change of the valence band density of states is also observed from sample HAO-1 to HAO-5, as indicated by the dashed arrow in Fig.  2͑b͒ .
With the knowledge of Si energy gap value of 1.12 eV, 
